DEBRIS is a flux-limited survey of nearby stars (spectral types A-M) for evidence of debris disks with the Herschel Space Observatory. One goal of the survey is to determine disk incidence as a function of various stellar parameters. Understanding debris disk evolution depends on knowledge of the precise age of stars around which these debris disks are found. However, finding ages for field stars is notoriously difficult. Furthermore, in an unbiased sample like DEBRIS, one is working with stars across many spectral types. This requires a multi-method approach to age determination. In this paper, we outline several methods of age determination broken down by spectral type, including some strengths and limitations of each method. In total, we were able to calculate ages for 263 of 274 F, G, and K-type stars, and all 83 A-type stars in the DEBRIS sample.
excesses. We want to know how debris disk incidence trends with various stellar parameters, and how those parameters evolve with time. Our motivation for determining the ages of stars is to better characterize the evolution of these disks.
A concerted effort has been made in the past five years to derive age determination equations based on a variety of parameters. In Section 2, we discuss the age determination methods available for solar type (F, G, and K-type) stars. In Section 2.1, we explore the possibility of gyrochronology, the calculation of stellar age based on the spin-down of a star over its lifetime. In Section 2.2, we discuss chromospheric emission, the use of the evolution of a star's magnetic field as an age tracer. In Section 2.3, we discuss the derivation of stellar age using X-ray emission. In 2.4, we briefly discuss the use of lithium depletion as an age tracer. In Section 2.5, we compare four age determination methods (gyrochronology, chromospheric, X-ray, vsini) against each other. In 2.6, we discuss which ages represent the closest estimate of the "true" age. In Section 3.1, we discuss the use of isochrone dating in A-type stars. Section 3.2 describes other possible methods for A star age determination. M-type stars are not treated in this paper, as their evolutionary properties are currently not well understood, and few of them have been found to host debris disks.
F, G, and K-type stars

Method 1: Gyrochronology
Developed by Barnes (2003) , this method has been used by many researchers in recent years to determine relatively precise ages for field stars. The basic idea is that magnetic winds carry angular momentum away from the star, causing the outer convective envelope to spin slower than the radiative zone beneath. This creates a shear, which slows down the overall rotation of the star with time. This period change is predictable, and can be calibrated using the known age of the Sun. Barnes (2007) suggested the following relation between age (t), rotation period (P rot ), and B-V color: Mamajek & Hillenbrand (2008, hereafter MH08) calibrated this relation using four clusters with known ages (α Per -85 Myr, . They found that a=0. 407, b=0.325, c=0.495, and n=0 .566 for t in Myrs and P rot in days. This relation could only be calibrated for stars with 0.495<(B-V) 0 <1.4 and was not fit to any clusters older than the Hyades due to lack of rotational data in the literature. Therefore, their low quoted error of ∼15 % is only valid for ages less than 625 Myr. While no cluster data were available beyond this age limit, MH08 showed that the relation recovered similar ages for both components of binary systems out to 3 Gyr (with 20-25 % error). The error in age for stars in our sample older than ∼1 Gyr is taken to be ∼20%.
Several studies use short term (on the order of weeks) variations in the strength of Ca II H & K emission cores to measure rotation period (Donahue et al. 2006) . Ca II emission variations trace the rotation of areas of increased magnetic flux (starspots) across the surface of the star. Thus, these fluxuations likely represent a true rotational period. These variations differ from the longer term (on the order of Myrs) magnetic variations discussed in Section 2.2.
Gyrochronology using true rotational periods was possible for 35 F, G, and K type DEBRIS stars. We gathered rotation period data from various sources -5 stars, Baliunas et al. 1983 -2 stars, Donahue et al. 1996 -16 stars, Wright et al., 2011 and used B-V color data from the Hipparcos catalog (Perryman et al. 1997) . Table 1 contains our age results and the relevant parameters. Figure 1 plots B-V vs. P rot for these data with so-called gyrochrones (using Equation 1 with coefficient values from MH08) plotted for 0.3, 2, 5, and 7 Gyr.
Gyrochronology is less efficient for dating younger stars, since initial conditions (such as initial rotational period) become less important over time. There is also a recognized rotation period saturation limit above a mass-dependent maximum rotational period (Barnes 2010) . Beyond this limit (t sat ), rotation and age cease to be related by the gyrochronology equation of MH08. For a solar twin (B-V∼0.65), the rotation saturation occurs ∼7 Gyr.
Using vsini as a Proxy for Measured Rotation Periods
To use the gyrochronology equation to calculate age, one must know the rotation period of a star. However, rotation is very difficult to measure directly, especially for slowly rotating stars. Most "rotation rates" in the literature are actually vsini measurements taken from spectroscopic observations (see Rutten et al. 1987 , Valenti et al. 2005 . One might estimate a rotation period from a vsini measurement by assuming that the average inclination (i) over a sample should be π/2. We tested the validity of using vsini to estimate ages by calculating ages of stars using rotational period (P rot ) and vsini. We found that vsini-based age calculations are not well-correlated with P rot -based age calculations (see Figure 2 ). On average, the ages derived using vsini differed from the ages derived from P rot by ∼98% (see Figure 2) . We therefore prefer gyrochronology ages based on P rot over those based on vsini. We were able to find vsini ages for 113 stars. Those data are presented in the right-hand column of Table 2 .
Direct comparison of the measured rotational period to the rotational period predicted by vsini showed reasonably good agreement between the two at short rotational period (¡15 days); the two periods (measured and calculated) disagree on average by ∼45%. The agreement at short rotational period is likely a result of the fact that both vsini and rotational period are easier to measure for short rotational period (i.e. high velocity). That is, stars with short rotation periods are easy to monitor photometrically. In addition, stars with high rotational velocities are easy to measure spectroscopically.
Method 2: Chromospheric Activity
This method was first introduced by Baliunas et al. (1983) and used by MH08 to calculate the age of field stars. The physics behind chromospheric emission is an ongoing topic of research in solar and extra-solar astronomy. Angular momentum transport through convection is more efficient than through radiation. Thus, for stars with an outer convective envelope, the outer layer spins down faster than the inner layer, creating a shear at the interface between the layers. This shear induces a magnetic field that is then perturbed and twisted by convective motions. The magnetic field lines carry this stress up into the chromosphere where magnetic heating causes emission lines to form in the cores of Ca II H and K absorption lines. Since magnetic activity decreases with stellar age, this emission will also decline as a function of stellar age. This method has been used successfully to recover the age of stars in clusters with known ages (MH08, Wright et al. 2004 ). Chromospheric heating is characterized by the parameter R HK ; the larger is R HK the more active -and therefore younger -is a given star.
Many researchers have taken optical spectra, measured the strength of the Ca II H & K lines and published R HK values (Soderblom et al. 1985 , Henry et al. 1996 , Gray et al. 2003 , Maldonado et al. 2010 , Wright et al. 2004 , and Gray et al. 2006 . We used these R HK values to calculate chromospheric ages for stars in the DEBRIS sample with the following formula from MH08 (for t in years):
MH08 derived this empirical relation by fitting a curve to stars in clusters with known ages out to 4 Gyr. The applicability of this equation is limited by the sample of clusters used for the fit, and is therefore only accurate between −5.1 < log(R HK ) < −4.0 This corresponds to an age range of ∼0.05 Gyr to 6 Gyr for a solar twin (B-V∼0.65). Wright et al. 2004 (hereafter W04) provide an equation for calculating ages from chromospheric activity which originally came from Donahue (1993) . For stars in common, we derive similar ages to MH08 (see Figure 3) , using the more recent equation from MH08. While there is a close correlation between the ages, it would seem that for stars older than 2 Gyr, the MH08 relation (Equation 2) produces older ages than W04, whereas for young stars (<2 Gyr), the opposite may be the case. This discrepancy was discussed at length in Song et al. (2004) (hereafter S04). S04 derived ages for stars less than a few hundred Myrs old using lithium abundance (discused in Section 2.4), X-ray activity (discussed in Section 2.3), and Galactic UVW space motions. Comparing those ages to ages derived using the relation from W04, S04 found that chromospheric ages from W04 were systematically older than ages derived using other methods. Discrepancies such as this are a strong motivator for revised activity-age relations, and a reason that we choose to use the more modern relation from MH08 to calculate ages for our sample; in comparison with the W04 chromospheric ages, young star chromospheric ages from MH08 are in better agreement with the S04 ages.
A total of 255 chromospheric ages were determined for DEBRIS stars with 35 stars overlapping with our calculated gyrochronology ages. A plot of gyrochronology age vs. chromospheric age can be found in Figure 4 and shows moderately good agreement between gyrochronology ages and chromospheric ages. MH08 quotes a typical error for chromospheric ages of 60%.
There is an intrinsic limitation in using magnetic activity as an age tracer. We know that our Sun undergoes an 11 year activity cycle during which its log(R HK ) changes from -4.83 during minimum to -4.96 during maximum (MH08). It is thought that solar-type stars undergo similar activity cycles. Using snapshot spectra of field stars, it is not possible to tell whether the star is in an activity minumum or maximum. In the case of the Sun, its calculated age at minimum and maximum is 3.64 Gyr and 5.85 Gyr respectively. This still gives a reasonable estimate of the solar age (4.57 Gyr). Thus, while multiple epoch surveys are preferable, we can still use single epoch surveys to estimate stellar age.
The only way to determine the average magnetic activity over a stellar cycle (which is the parameter that actually decreases with age) is to conduct a long-term observation campaign. Such observations were made for 1296 stars at Mount Wilson observatory over a 17 year period from 1966 -1983 (Duncan et al. 1991 . In this paper, mean "S-values" are listed for each star. These S values represent emission flux densities in Ca II H & K lines, and can be converted to R HK .
When the average activity level of a star is used in the calculation of R HK , the error due to stellar magnetic variation on short timescales should be significantly reduced. Two of our sources of R HK made efforts to take this variability into account in their measurements. W04 used median activity levels from 6 years of observation at Keck Observatory and 17 years of observation at Lick Observatory to calibrate their published R HK values. Duncan et al. (1991) contains Mount Wilson data as described above. When possible, we took our R HK values from one of these two sources. Otherwise, we used R HK values from single-epoch observing papers such as Gray et al. (2003 Gray et al. ( & 2006 , Maldonado et al. (2010) , and Henry et al. (1996) . For stars in Table 2 observed with multi-epoch surveys, the chromospheric age should be trusted before the X-ray ages, since the X-ray age relation was derived from the chromospheric age relation (X-ray ages are described in detail in Section 2.3).
With the advent of long-term monitoring of solar-type stars (mostly in search of exoplanet transits), it will soon be possible to quantify this magnetic variation for a larger fraction of solartype stars.
Method 3: X-Ray Emission
X-rays trace magnetic heating of the stellar corona. Although it is not well known exactly how the corona is heated, MH08 suggests that it is closely related to the strength of the magnetic field, and also to chromospheric heating.
X-ray count rates and hardness ratios (HR1) for the 0.1-2.4 keV band are readily available from the ROSAT survey (Voges et al. 1999) . We first calculated the X-ray luminosity for 100 DEBRIS stars by the following equation from MH08:
where D is distance in cm, f x is the ROSAT count rate (counts s −1 ), and C x is a conversion factor defined by the following equation from MH08:
Using stellar radii and T ef f values from several sources (Allende Prieto et al. 1999 , Valenti et al. 2005 , Takeda et al. 2007 ), we were able to calculate L bol from L bol =4πR 2 σT 4 ef f . MH08 fit a relation between log(R HK ) and log(L x /L bol ) to derive an age relation for X-ray activity:
where t is in years and R x =L x /L bol . In MH08, this relation was never fit to cluster data. Rather, R x was used to predict R HK by:
This relation was combined with Equation 2 and used to derive Equation 5. Therefore we expect scatter in the R x ages (when compared to gyrochronology ages) both from uncertainty of the actual X-ray count measurements, and from the scatter in the R x -R HK relation (which MH08 estimates at 55%). X-ray ages and relevant parameters can be found in Table 2 . We compared ages determined using X-ray flux to ages determined by gyrochronology. The results are shown in Figure 5 . A clear correlation is apparent, with an average scatter of ∼84%. Since gyrochronology produces ages with the smallest error, we can conclude that X-rays are legitimate tracers of stellar age.
While X-rays are useful for determining the ages of young, active stars, there is a saturation limit beyond which age and magnetic activity cease to be correlated by Equation 5. This "saturation" limit defines a minimum age (and therefore maximum magnetic activity level) which can be reliably determined by the methods in this paper. The actual cutoff for this limit varies between studies. According to MH08, the relation between R x and R HK ceases to correlate above logR x =-4. However Zuckerman & Song (2004) find moderately tight isochrones for young nearby stars and the Pleiades cluster in logR x -color space above logR x =-4. They do place a lower limit on the age which can reliably determined using X-rays (∼100 Myr).
Lithium Depletion
This method was used by Baumann et al. (2010) to determine the age of planet-hosting stars. Lithium is depleted from the photosphere by way of convective mixing into interior regimes where the Li is burned. This process is dependent on stellar rotation; The faster a star rotates, the slower is this process, since there is less differential rotation and thus less mixing. There exist isochrones in lithium abundance -rotation velocity space which can be used to determine the age of a star in isolation (e.g., Chen et al. 2001 , Zuckerman & Song 2004 . Since rotation period is also necessary for age-determination using lithium depletion, we prefer to use gyrochronology -which has a direct equation for determining age -rather than the less precise method of matching isochrones.
In addition, the accuracy of the derived age using lithium depletion varies depending on spectral type. It is most accurate for late-K to early M-type stars. Even so, the isochrones are not welldefined in EW(Li) -age space (see Figure 3 of Zuckerman & Song 2004) . Ages determined using litium abundances are certainly not as accurate as our other methods. We therefore choose not to use lithium depletion to date stars in the DEBRIS survey.
Comparing Four Age Determination Methods
We began our analysis by assuming that gyrochronology provides the most accurate estimation of stellar age. We then compared the other three methods (chromospheric activity, X-ray emission, and vsini measurements) to gyrochronology in a quantitative way. Two stars were left out of the analysis; HIP 19849 and HIP 25647. HIP 19849 is an extremely slow rotator -thus, its gyrochronology age may not be accurate. Also, HIP 25647 has a very low gyrochronology age (2 Myr). Its gyrochronology age is unreliable as well.
Chromospheric Ages vs. Gyrochronology Ages: There are 35 stars in the DEBRIS sample for which we have both chromospheric ages and gyrochronology ages. We disregard the two ourliers mentioned above and restrict our analysis to the remaining 33 stars. We define a "discrepancy" factor, f c , by:
For the sample of 34 stars, the standard deviation (σ c ) of f c was 0.872 around a median discrepancy of f c,m =1.15 (and a mean of 1.32). This includes ages derived using R HK values from both single and multiple epoch observing campaigns. 1 X-Ray Ages vs. Gyrochronology Ages: There are 17 stars in the DEBRIS sample for which we have both X-ray ages and gyrochronology ages. Again, we disregard HIP 19849 and HIP 25647. For the remaining 16 stars, we again defined a discrepancy factor, f x , by:
We found that σ x =0.518 and f x,m =0.89 (the mean of the discrepancies was found to be 1.32). This seems to suggest that X-ray ages are more precise than chromospheric ages.
Chromospheric Ages vs. X-Ray Ages: We compared ages calculated using log(R x ) to ages calculated using logR HK to produce Figure 6 . Chromospheric ages are, on average, higher than X-ray ages. Otherwise, there is little to no correlation between the two age determination methods.
vsini Ages vs. P rot Ages: We also compared ages calculated using P rot to ages calculated using vsini. We define a discrepancy factor f v by:
We found that σ v =1.6 around a median f v,m of 0.94.
Since the same gyrochronology equation is used to calculate age in both cases, what we really wanted to compare was the true P rot of a star to the P rot calculated from vsini. For this purpose, we define a discrepancy factor f p by:
We find that σ p =0.66 around a median f p,m of 0.97. The scatter in the relationship between ages calculated using vsini and ages calculated using P rot is largely due to the scatter in the relationship between the periods measured using vsini and the measured rotational period. From this analysis, we conclude that while vsini may be used to predict a rotational period with an error of ∼60%, the scatter that is introduced into the gyrochronology equation from this prediction is quite high. We suggest that chromospheric and X-ray ages be taken to be more precise than vsini ages.
Which Age Should be Used?
In general, the gyrochronology age should be trusted above any other available age (except in the two cases mentioned above -HIP 19849 and HIP 25647). When the gyrochronology age is unavailable or unreliable, one needs to be able to make a choice between the remaining two methods of age determination. We first define a discrepancy factor f cx :
There are 62 stars in Table 2 with f cx <2. Of the remaining 30 stars, 13 stars have R HK values taken from multi-epoch surveys. Although our analysis in Section 2.4 suggested that X-ray ages agree better with gyrochronology ages, we know that X-ray ages depend on snapshot observations of X-ray emission. This means that ages derived from X-ray observations will be affected by the shortterm variability of the stellar magnetic cycle. Thus, for these 13 stars, we believe the chromospheric ages to be the most accurate.
Finally, we were left with 17 stars which were derived using R HK values taken from singleepoch surveys. For these stars, we were able to use other age determination methods such as galactic space motion (Zuckerman & Song 2004 ), gyrochronology ages, or isochrone ages from the literature to make an educated choice between the X-ray age and the chromospheric age.
HIP 13402: This star has a gyrochronology age of 0.256 Gyr. This agrees best with its X-ray age 0.14 Gyr.
HIP 17420, 86036, 102485: These stars have isochrone ages in the literature which agree best with the derived chromospheric ages.
HIP 80686, 61174: These stars have isochrone ages in the literature which agree best with the derived X-ray ages.
HIP 104440, 2762, 14879, 85295, 67153: For these stars, we recommend taking the chromospheric age as the true age, because their UVWs (Anderson & Francis 2011) are most compatible with the chromospheric age.
HIP 73695, 89805, 114948: For these stars, we recommend taking the X-ray age as the true age, because their UVWs (Anderson & Francis 2011) are most compatible with the X-ray age.
HIP 98470, 67422, 5896: For these stars, we are unable to choose between their X-ray ages and chromospheric ages. Further long-term observations are needed to constrain their ages.
FGK Type Star Summary
(1) Gyrochronology produces the lowest errors of any of our age determination methods (typical errors of 15-20%). It is most precise for intermediate age stars (100 Myr < t < t sat where t sat is B-V dependent). However, rotation periods are difficult to measure and vsini values are an inadequate proxy.
(2) Ca II chromospheric emission is a legitimate tracer for stellar age; R HK is an easily measured parameter, and is readily available in the literature for many field stars. Chromospheric emission is most precise in the same age regime as gyrochronology (described above). MH08 quotes a typical error of 60%, although our analysis suggests an error of 87%.
(3) X-ray flux is a valid tracer of stellar age. Typical errors in the age are estimated at ∼70% (MH08).
(4) Lithium depletion has been shown to correlate with stellar age in past studies (Chen et al. 2001 ); however it is most useful for young stars (<100 Myr) and requires knowledge of the stellar rotation period (Zuckerman & Song 2004 ).
A Type Stars
Method: Isochrones in Log(g) -log(T ef f ) Space
Since A stars evolve quickly, their ages can be reliably determined (errors of about 100-300 Myr) from their position on an HR diagram. We began with three separate sets of isochrones in log(g) -log(T ef f ) space. The first is from Li & Han (2008) , the second is the Padova set of isochrones (Bertelli et al. 2009 ) and the third is the YREC set of isochrones (Pinsonneault et al. 2004 ). Values of log(g) come from a variety of sources (Gray et al. 2003 , Gray et al. 2006 , Lafrasse et al. 2010 , Soubiran et al. 2010 , Allende Prieto et al. 1999 , King et al. 2003 , Gerbaldi et al. 1999 , and Song et al. 2001 . Values of T ef f came from Phillips et al. (2010) . We estimated the age of these stars using all three sets of isochrones, then compared those resulting ages to each other and to ages published in the literature. We concluded that the YREC isochrones provide a better match to literature ages. Not all of the A stars in the DEBRIS sample fall in the area of log(g)-T ef f space that is covered by the YREC isochrones. In some cases, we were able to use Li & Han (2008) isochrone ages. We filled in any missing ages using ages from Rieke et al. (2005) , which uses Y2 isochrones from Yi et al. (2003) .
In total, we were able to determine ages for all 83 A stars in the DEBRIS survey -65 from YREC isochrones, 15 from Li & Han (2008) isochrones, 2 from Rieke et al. (2005) , and 1 from cluster membership. HIP 88726 was found to be a member of the Beta Pictoris moving group, and was assigned an age of 0.012 Gyr according to Zuckerman & Song (2004) . Figure 7 shows a histogram of our derived A star ages (83 stars).
Other Methods for A Stars
Gyrochronology will not work as well for A-type stars as it does for F, G, and K-type stars. Since A stars evolve quickly, they do not spend as much time on the main sequence, and thus their rotation does not brake in the same way as do solar-types.
Furthermore, according to MH08, the correlation between magnetic activity and age breaks down for (B-V) 0 < 0.5. Below this limit (which includes A stars) convective envelopes are thin or nonexistent and therefore magnetic field strength caused by rotational shear between the convective and radiative layers diminishes. We therefore prefer isochrone dating to measure the ages of A stars.
Conclusions and Future Work
In total, we were able to reliably determine ages for ∼96% of A-K type stars in the Herschel DEBRIS project. Our motivation for this work was to provide the ages of DEBRIS target stars as a diagnostic for debris disk evolution. Forthcoming papers (i.e. Thureau et al. 2012 , in prep, Sibthorpe et al. 2012 will elaborate on specific disk characteristics as a function of stellar age.
While DEBRIS was an unbiased survey, we hope to expand our age determination project to include any stars observed by Herschel with observed infrared excesses. We thank Ben Zuckerman for his valuable insight, David Rodriguez and Erik Mamajek for their helpful input, and Greg Henry for allowing us access to his rotation period data (Wright et al., in press) prior to publication. Note. -a =There is a large discrepancy between X-ray age and chromospheric age; these stars are discussed in detail in the text. b = Gyrochronology age (preferred to chromospheric and X-ray age) is listed in Table 1 Comparison between gyrochronology ages calculated using vsini and P rot . Again, we find significant scatter for late-type stars, and at long P rot . Wright et al. (2004) and Mamajek & Hillenbrand (2008) . The blue line represents the 1:1 relation. MH08 tends to calculate older ages, and we follow their equation for stellar age. Fig. 4. -Our results show a fairly good correlation between ages determined by R'HK and by rotational period (our analysis suggests an average discrepancy of 87%. Period-based ages are less reliable for slow rotators, because the differential spin-down is not as apparent.
X-ray Age vs. Gyrochronology Age Fig. 5 .-From our data, it seems that X-ray ages are in good agreement with gyrochronology ages. The outlier at high gyrochonology age (HIP 19849 ) is a very slow rotator, thus its gyrochronology age should not be trusted.
X-ray Age vs. Chromospheric Age Fig. 6 .-This figure compares ages derived using chromospheric activity (R HK ), and ages derived using X-ray data from the ROSAT all-sky survey. We separated the data based on the type of survey the R HK value came from. Data from single epoch surveys yield less reliable chromospheric ages. These are the blue diamonds in our figure. Data from two large multi-epoch surveys (Wright et al. (2004) and Duncan (1991) ) are represented here by red and green data points, respectively. It is clear from this plot that chromospheric ages are, in general, older than X-ray ages. Also, as expected, many of the outlying data points are from single epoch chromospheric emission surveys.
Histogram of A star Ages Fig. 7 .-Histogram of 83 DEBRIS A star ages. We used the YREC isochrones when possible, and when the log(g) and Teff values were out of the range of the YREC isochrones, we used isochrones from Li & Han (2008) . When neither of our isochrones were appropriate, we used isochrone ages from Rieke et al. (2005) . All of the A stars are younger than 1 Gyr.
